Abstract-Myocardial oxygen consumption is increased by arterial stiffening. It is not known precisely how. This study aimed to evaluate the role of the incident and reflected pressure wave in raising myocardial oxygen demand. Central (aortic) pressure waveforms were generated from radial waveforms using a generalized transfer function in 1628 cardiology outpatients (1038 males and 590 females). Aortic waveforms were used to derive measures of incident and reflected waves, as well as to measure mean central systolic pressure (an indicator of systolic ventricular load), left ventricular ejection duration, and tension time index (a surrogate of myocardial oxygen demand) using validated techniques. Incident and reflected waves were measured using the conventional and an alternative method (aortic flow triangulation). Relationships were tested before and after correction for age, height, weight, heart rate, and mean arterial pressure using simple and multivariate linear regression models. Analyses were conducted separately by gender. In both genders (according to conventional or alternative methods of wave measurement), both the incident and reflected wave were strong predictors of tension time index (PϽ0.001). Both pressure waves raised the mean central systolic pressure (PϽ0.001). The reflected wave (PϽ0.001), unlike the incident wave (PϾ0.05), was also associated with a longer cardiac ejection duration. Tension time index (PϽ0.0001), mean central systolic pressure (PϽ0.001), and ejection duration (PϽ0.0001) were greater in women. Changes in arterial properties alter the nature of pressure wave propagation and predispose to cardiac ischemia (especially in women). (Hypertension. 2011;57:00-00.) • Online Data Supplement Key Words: ischemia Ⅲ oxygen consumption Ⅲ arterial function Ⅲ central pressure Ⅲ wave reflection Ⅲ arterial stiffness I n developed nations, and increasingly in developing nations, ischemic heart disease is the major disease of our time. Efforts to better understand the underlying pathogenesis have focused heavily on the coronary artery lumen and have undoubtedly advanced diagnosis and treatment in recent decades. Despite this, ischemic heart disease remains a global challenge, and other contributing mechanisms are being increasingly evaluated, particularly in patients who have unremarkable coronary anatomy. 1 Much of this effort has been directed toward endothelial dysfunction, which appears to be a promising avenue of investigation. 2 However, comparatively less attention has been directed toward the influence of large artery function in generating predisposition to ischemia through vascular-ventricular interaction.
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n developed nations, and increasingly in developing nations, ischemic heart disease is the major disease of our time. Efforts to better understand the underlying pathogenesis have focused heavily on the coronary artery lumen and have undoubtedly advanced diagnosis and treatment in recent decades. Despite this, ischemic heart disease remains a global challenge, and other contributing mechanisms are being increasingly evaluated, particularly in patients who have unremarkable coronary anatomy. 1 Much of this effort has been directed toward endothelial dysfunction, which appears to be a promising avenue of investigation. 2 However, comparatively less attention has been directed toward the influence of large artery function in generating predisposition to ischemia through vascular-ventricular interaction.
This study aimed to evaluate the role of incident and reflected arterial pressure waves (generated as a consequence of aortic stiffening) on a surrogate of myocardial oxygen demand (tension time index) and to further evaluate mechanisms by exploring the influence of these pressure waves on systolic ventricular load (measured by central mean systolic pressure) and cardiac ejection duration. Previous studies have demonstrated an association between aortic stiffness and increased predisposition to ischemia, 3 and it has been postulated that such relationships are mediated by increases in aortic characteristic impedance and wave reflection, which together raise systolic ventricular load and prolong cardiac ejection duration. 4 Although these ideas are physiologically robust, to our best knowledge, they have not been demonstrated in a large clinical cohort.
It is hoped that such investigation will identify the role of aortic stiffening, and its inherent hemodynamic consequences, in the predisposition toward the ischemic state and, in doing so, suggest potential avenues for future research and therapy.
noses were hypertension, cardiac failure, and angina. Data represent a patient's first visit parameters. All subjects gave informed verbal consent, and all studies were approved by local ethics committees. Subject characteristics are shown in Table 1 .
Data Collection and Hemodynamic Analysis
Subjects had height, weight, and brachial cuff blood pressure recorded. Supine blood pressure was measured in the right arm using a manual sphygmomanometer by trained operators. Phase I and V Korotkoff sounds were used to measure systolic and diastolic pressure, respectively. Radial pressure pulse waveforms were recorded by applanation tonometry using a high-fidelity piezoelectric tonometer (SPT-301; Millar Instruments) with patients rested, supine, and in a temperature-controlled environment in accordance with consensus recommendations. 6 Aortic pressure waveforms were generated from the radial waveforms for all subjects using SphygmoCor (Version 8.0; AtCor Medical), which applies a validated generalized transfer function (FDA No. K002742 and K012487). 7 The waveforms were subsequently analyzed to yield measurements of the incident and reflected wave using 2 separate and complementary methods. The conventional method measures the incident wave as the first systolic peak and the reflected wave as augmented pressure (Figure, A) . The alternative method uses aortic flow triangulation as outlined by Westerhof et al 8 and used by Wang et al 9 to measure the amplitude of the forward wave (Pf) and the backward wave (Pb). Tension time index, defined as the systolic pressure integral as a function of time per minute, was taken as the measure of myocardial oxygen demand (Figure, B) . 3,10 -12 The systolic pressure-time integral as shown in the Figure is calculated as mean central systolic pressure multiplied by the duration of systole (ie, the cardiac ejection duration). Mean central systolic pressure was used as the indicator of systolic left ventricular load. 4 
Statistics
Relationships between the variables of interest were initially explored using simple linear regression, with trend lines and R 2 values determined by least-squares regression. Multivariate linear regression models were subsequently used, which corrected for factors known to influence arterial hemodynamics. These were age, height, weight, heart rate, and mean arterial pressure. 4 Potential genderbased differences were explored by conducting separate analyses for males and females. All analyses were conducted with conventional and alternative measures of the incident and reflected wave to evaluate whether statistical relationships were seen irrespective of the method used to measure the individual waves. Beta values, 95% CIs, and partial correlations were compared to assess relationships and evaluate the role of confounders. A 2-sided P value Ͻ0.05 was considered statistically significant. Analyses were conducted using IBM SPSS 18.0 (SPSS Inc.). Table 1 shows that, on average, the females in this cohort were older, shorter, and lighter. They had higher systolic and pulse pressures and lower diastolic pressures compared with their male counterparts. For systolic and pulse pressure, this gender-related difference was more marked at the aorta as opposed to in the brachial artery. Tension time index was also higher in females; their mean central systolic pressure and duration of cardiac ejection were also greater. Females had a faster resting heart rate. With regard to pressure waves, there was little difference in the magnitude of the incident wave between genders, whether it was measured using conventional or alternative methods. However, the reflected wave was larger in females according to both methods.
Results

Characteristics of Males and Females
Unadjusted Analyses
The incident and reflected wave were positively correlated with tension time index in both genders (Table I , available in an online supplement at http://hyper.ahajournals.org). The relationship between pressure waves measured by aortic flow triangulation and tension time index was similar to that seen by conventional methods and is also presented in Table I .
There was a strong relationship between mean central systolic pressure and both the incident and reflected wave in unadjusted analyses. As was the case for tension time index, this was seen irrespective of gender or the method used to measure the incident or reflected wave (Table II) . However, when cardiac ejection duration was analyzed, there was a stronger association with the reflected wave than the incident wave. This was seen in both genders and persisted whether conventional or alternative measures of the incident and reflected wave were used (Table III) .
Multivariate Analyses
After accounting for age, height, weight, heart rate, and mean arterial pressure, the observations seen in unadjusted analyses persisted. Both the incident and reflected wave were associated with tension time index to a similar degree in both genders irrespective of whether the conventional or alternative methods of waveform analysis were used ( Table 2 ). The exception was in males, for whom, according to the aortic flow triangulation method, the reflected wave was more important.
Using conventional methods, the incident wave was more important to mean central systolic pressure (Table 3) . However, using alternative methods, the incident and reflected wave were equally important in females, and the reflected wave was more important in males (Table 3) . In both genders, according to both conventional and alternative methods, the reflected wave had strong relationships with cardiac ejection duration, whereas the incident wave had no significant effects ( Table 4 ). The influence of heart rate and mean arterial pressure was important, as evidenced by partial correlation values (Tables 2 through 4) ; however, it is noted that the relationships persisted after control for these and other confounders.
For males and females, although the nature of the relationships between the incident and reflected pressure wave and tension time index, mean central systolic pressure, and cardiac ejection was similar, the absolute magnitude of wave reflection, tension time index, mean central systolic pressure, and ejection duration were greater in women (Table 1) .
Discussion Pressure Wave Propagation, Predisposition to Myocardial Ischemia, and Gender Differences
This study aimed to explore the influence of the incident and reflected arterial pressure waves on myocardial oxygen demand. Analyses show that increases in both the incident and reflected wave magnitude, when measured using either conventional or alternative approaches, led to increases in tension time index. This relationship is mediated through Ն2 mechanisms, as shown in this study. First, the mean central systolic pressure is increased by both the incident and reflected wave, therefore creating a greater load against which the left ventricle must pump throughout the duration of ejection. Second, the reflected wave (more so than the incident wave) is associated with longer duration of cardiac ejection (ie, systole). These relationships were seen in men and women; however, wave reflection, tension time index, mean central systolic pressure, and cardiac ejection duration were on average all greater in females, suggesting the phenomena observed here have a more pronounced effect in this gender.
These findings suggest that there may be a greater demand for oxygen placed on the contracting ventricle, as a result of arterial pressure waves, particularly in women. Given that diastolic perfusion time is reduced in tachycardia, 13, 14 and with increased wave reflection, 15 there would be greater predisposition to ischemia with tachycardia (eg, exercise). We speculate that this phenomenon may be sufficient to cause exertional angina in the absence of underlying coronary artery narrowing, as suggested by Ferro et al. 13 However, we have no direct proof of this. If such speculation is even partly true, the clinical implications are important. Chest pain with normal coronary angiography is a common problem, particularly in women. 1, 2, 16, 17 Studies have shown that women who experience ischemic symptoms but have no evidence of coronary narrowing are still predisposed to higher cardiovascular morbidity and mortality, suggesting that true pathology or disturbed physiology does indeed exist. 1, 17 Although endothelial dysfunction and microvascular angina 2 are possible explanations that need further investigation, the mechanisms outlined in this study also warrant further consideration.
Although it could be argued that the differences in oxygen demand, ventricular load, and ejection duration seen between genders in our study (Table 1) can be attributed to the fact that females were older and shorter in height than males, the mean age difference between genders was only 2.3 years. In addition, when we controlled for height, which is the main mediator of gender-related difference in arterial hemodynamics, 18 the relationships observed in unadjusted analyses persisted. The importance of gender difference in hemodynamics, 19 particularly vascular-ventricular interaction, is an important area for future evaluation. Evaluation by menopausal status would also be useful.
Clinical Implications
This study adds to previous work stressing the importance of vascular-ventricular interaction and arterial pressure waves. 20 -25 Given that the incident and reflected wave have an influence on myocardial oxygen demand, it is logical to conclude that targeting them with therapy would be beneficial in the prevention and treatment of cardiac disease. Studies have shown that reductions in wave reflection through peripheral artery vasodilating drugs have superior outcome benefit compared with other types of antihypertensives. 26 -30 The mechanisms outlined in this article support a role in mediating this benefit. Unfortunately, drugs attempting to alter proximal aortic structure (and hence, dampen the incident wave magnitude) have not regularly shown similar benefits, 31 but further developments in this area are anticipated.
Conventional Versus Alternative Wave Measurement
There has been increasing focus on using aortic flow triangulation to measure the incident and reflected wave. 8, 9 This stems from the fact that conventional measures require accurate identification of inflection points. In addition, measures of aortic pressure augmentation are influenced not only by the magnitude of the reflected wave but also its timing. In the analyses presented here, we found good concordance between the results obtained when both methods of waveform measurement were used, although the importance of wave reflection to tension time index and mean central systolic pressure appeared greater according to the aortic flow triangulation method (particularly in males). One possible explanation is that wave reflection in males is underestimated by conventional methods because of its negative effects on late systolic flow. 4, 23 Importantly, in calculating pressure wave magni- All models controlled for age, height, weight, heart rate, and mean arterial pressure. TTI indicates tension time index; P1h, P1 height; AP, augmented pressure; HR, heart rate; MAP, mean arterial pressure; Pf, forward pressure; Pb, backward pressure; NS, not significant. tudes using the aortic flow triangulation (alternative) method, the flow wave was not directly measured.
Limitations
Conventional waveform data were available in all subjects; however, alternative measures were only available in 1467 of the subjects (90% of total cohort) because whenever Pb was deemed to be greater than Pf, no recording was registered in the database because it was deemed physiologically impossible in the programmed software. The fact that 10% of the cohort did not have measurements with the aortic flow triangulation method (because Pb was being calculated as greater than Pf) may have led to exclusion of subjects with high wave reflection. In addition, anthropometric data were not available for all subjects. Height was available for 975 subjects (60% total cohort), whereas weight was available for 1065 subjects (65% total cohort). This meant that the number of subjects included in multivariate All models controlled for age, height, weight, heart rate, and mean arterial pressure. cMPS indicates mean central systolic pressure (systolic ventricular load); P1h, P1 height; AP, augmented pressure; HR, heart rate; MAP, mean arterial pressure; Pf, forward pressure; Pb, backward pressure.
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analyses (which controlled for height and weight among other factors) was less than the number included in univariate analyses. Although we would have liked to have anthropometric data for all subjects in the cohort, the number of subjects available for multivariate analysis was sufficient for identifying significant relationships and confirming unadjusted observations.
In this study, myocardial oxygen consumption was not measured directly. An indirect approach was used to apply analyses to a large cohort of human subjects. In addition, tension time index, as originally described by Sarnoff et al, 10 requires invasive measurement of left ventricular pressure. Left ventricular pressure leads aortic pressure in early systole and lags aortic pressure in late systole (because of acceleration and deceleration All models controlled for age, height, weight, heart rate, and mean arterial pressure. ED indicates cardiac ejection duration; P1h, P1 height; AP, augmented pressure; HR, heart rate; MAP, mean arterial pressure; Pf, forward pressure; Pb, backward pressure; NS, not significant. of flow, respectively), which can affect the area under the curve approach we used. Invasive measurements were not feasible in a cohort of this size; however, the modified noninvasive measure of tension time index has been used as an indicator of myocardial oxygen demand in large human cohorts. 3 Another limitation is that myocardial oxygen consumption is more strongly affected by early systolic wall stress as opposed to pressure per se. 32 We measured aortic pressure and used this as a surrogate of wall stress to determine oxygen consumption via the tension time index. A limitation of this approach is that it assumes that pressure and wall stress are reliably interchangeable. Because of changes in ventricular geometry during cardiac ejection (contraction), wall stress decreases progressively throughout systole (as a result of LaPlace's law). Chirinos et al indeed showed that peak wall stress tends to occur at the beginning of systole, as opposed to later in systole, despite high wave reflections. 33 The consequence of these phenomena is that the importance of wave reflection to myocardial oxygen demand as measured by tension time index may have been overestimated in our study. However, there is no caveat placed on the observed relationship between wave reflection and ejection duration, which would undoubtedly affect ventricular energetics. In addition, we interpreted the strong association between wave reflection and ejection duration as high wave reflection prolonging cardiac ejection duration. This interpretation assumes a particular causal direction. It is possible that longer ejection duration causes higher measured augmentation because of greater overlap between incident and reflected waves.
Our study did not directly measure ventricular parameters in our assessment of myocardial oxygenation and ventricular load. Important parameters not measured include ventricular dimensions, mass, and systolic performance. In addition, we do not have data indicating symptomatology (eg, presence of angina) or severity of coronary disease (as determined by angiography) in all patients. These factors limit the strength of our conclusions.
An additional limitation of our study is that certain factors that may influence arterial tone could not be appropriately controlled for, limiting the conclusions of the present study and necessitating confirmatory findings. Our cohort was a clinical one, which is representative of those at highest risk of myocardial ischemia. However, in this group, the role of vasoactive drugs must be considered. Although we do not expect that drugs are responsible for the key relationships observed in our study, we note the findings presented here need to be confirmed in a healthy cohort. In addition, the role of hormones in arterial stiffness is a subject of ongoing investigation. Although their role in gender differences remains unclear, their potential effects (which we did not account for) must be acknowledged. In addition, pulsatile arterial diameter (which can be a useful marker in assessing vascular function and predicting ventricular outcomes 34 ) was not measured in our study, which could have provided greater insight.
Perspectives
Although ischemic heart disease is the major health issue of our time, the present understanding of ischemia is incomplete. 1,2 Recent articles in major journals 35, 36 ignore arterial stiffness and wave reflection and equate peripheral systolic pressure at rest and during exercise with aortic and left ventricular systolic pressure. The nature of arterial propagation of incident and reflected pressure waves play a major role in determining tension time index, mean central systolic pressure and ejection duration which are all important (albeit indirect) indicators of myocardial oxygen demand. Women appear to be particularly affected (and more commonly than males experience ischemic symptoms in the absence of significant coronary disease at angiography). 1, 2, 16, 17 The predisposition to cardiac ischemia is multifaceted, and extends beyond the lumen of the coronary arteries, which presently dominates thinking on the subject. A more complete view of the arterial system (with realistic consideration of aortic hemodynamics) is likely to lead to better understanding, prevention and treatment of ischemic heart disease in the future. 
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